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(54) Method of potting fiber membranes 

(57) A method of potting hollow fibre membranes 
(12) mto a mass of solidified potting liquid comprises the 
steps of providing a plurality of hollow fibre membranes 
having terminal portions (12") adjacent open ends; en- 
closing the open ends and terminal portions of the hol- 
low fibre membranes in a first material held in a contain- 
er (20); flowing a potting liquid In the container over the 
first material, which potting liquid sunrounds each hollow 
membrane and then becomes a solid mass which pro- 
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vides a fluid-tight seal to the outside of the hollow fibre 
membranes, the first material preventing the potting liq- 
uid or solid mass fi-om closing said ends of the mem- 
branes: and removing the first material from said ends 
and terminal portions of the hollow fibre membranes 
The method is applicable in particular to potting a plu- 
rality of hollow fibre membranes into a mass of solidified 
potting liquid fixed to a permeate pan (20; 120) or other 
header enclosure of a filtration module. 
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Description 

BACKGROUND OF THE INVENTION 



'"^e""°"/elates to a membrane device which is an improvement on a frameless array of hollow liber 

s a^o he subject of U S. Patent No. 5,248.424; and, to a method of forming a header for a skein ofTbeTsThe^^ 
vert-ca sRe-n" .n the title (hereafter "skein" for brevity), specifically refers to an integrated con,bi,^t on of s.lc 

are potted the opposed terminal portions of the fibers so as to leave their ends open; and. (Hi) permeate collection 
means held peripherally in fluid-tight engagement with each header so as to collect pem,ea,e from the ^nds of the 
fibers. Terms used in the parent case aie summarized in a glossary herein 

InT .■l*"v T"!;**" particularly directed to relatively large systems for the microflltration of liquids, and capitalizes 
on the simpliaty and effectiveness of a configuration which dispenses with forming a module In which the fibe^ are 
oTduce b^Hr T''' efficiently uses air discharged near the bafe of a sk^n o 

s^bbTno of rjr''^' "^ 

ertl and do no T,!',"" '""'^ ^ 'T'"'' '""""'"S"'- ""'"^^ 'y^'^' ^ skein are 

vertical and do not present an arcuate configuration above a horizontal plane through the horizontal center-line of a 
header. As a result, the path of the rising bubbles is generally parallel to the nbers a^ is no. aoss^ byte Sbe.^ o' 
a vertical skem. Yet the bubbles scrub the fibers. 

L^TIk '^^y'"'* '»ecause of their defined length, do not get entangled, and do not abrade 

fiber with« the zone of confinement" or "bubble zone" is restricted by the fiber's length. The defined length of the fibers 

Z^ZZTii'I rs r """'^ •''^ ''^^''e^- f ') e^essive rotation of the 

upper portion of the fibers, as well as (ii.) excessive abrasion between fibers. Such swaying motion of a fiber with side- 

K 'f I T ^'"^ ^"'^ ' « vi^en the length of the p^tt^ 

fiber exposed to substrate is not longer than the distance between the opposed faces of upper and lower he^eis 

i?PatenVrs1."f^;^';^^^^^^ " '1'""' ""'"'^^ in a p«K:ess for exfol^ng and precipteting denS^artttes " 
Skein tl^^rit^^.f ^-T f""''"'"* 

skein, there is essentially no tenswn on each fiber because the opposed faces of the headers are spaced apart at a 
distance less than the length of an Individual fiber. 

^^^m^-i^jL^rl!^.^^ treatment of activated sludge In a bloreactor. is described in an 

^.c e trtled Direct So «^L^u.d Separation Using Hollow Fiber Membrane in an Activated Sludge Aeration Snl" Z 
JSIHTk " ^'^9""'" ''^54. 1989, and discussed in the '424 ^tent tS 

dsdosure of which is incorporated by reference thereto as if fully set forth herein. The relatively poor perfZan« 

scmbbi^ f hi TT,t r '^"""•'^ "^^ "'•^ ^«^«^e "«»ss«y of thorough^ 

inbub^. Thf 

OOOiS T»? ^e*'"';^'"«"«.'^;"es more pronounced as the number of fibe« in the skein increases. 
10005] Tests using the device of Yamamoto et al indicate that when the air is provided outside the skein the flux 
decreases much faster over a period of as little as 50 hr. confimUng the results obtained by them This s ev den 
« wT : *'««^".'«'««'. graphs show results obtained by Yamamoto e. a andlhe 424 

sci^^rin^sssrr.^"^--^-'-^^^^^^ 

^!!^fLI*^ '^esfigation of Yamamoto et al with downwardly suspended fibers was continued and recent develoo- 
fro^me^irrf'f"'^''!""'':^^''""^'''"'^"''""^"^^ 

for Domestic Wastewater Treatment" by C. Chlemchaisri et al delivered fn a talk to the Conference on Men^,^ 
l^T^'rl "^^"^S^-^"'- Cape Town, South Africa. March 2-5. 1992. also diLss^ i^^Z 

SS ut'I^ m". fiZT.'''**"!.''*''':^!.^" ° ^ "''"^"^ ^' 'o avoid the problem 

of build-up on the fibers by "spreading the hollow fibers in the font, of a flat sheet" (see page 4 lines 46-47) and there 

-st^rr'"" ^"r"" """'^'""^ ' ^P'-'^ P"^'""" - — ' "se. Further each a'ay s held in a 

structural member for enclosing and supporting the fastening member (see page 3, line 42 and lines 51 52rwt^"c^ 

array isused.Tocombatbu.ld-upF«13depictshowthefibers«<,uW trough whenthe array is takenout Of Ihere^^^^^^ 
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to be "vibrated" or shaken. A prior art module is illustrated in Fig 16 showing both ends of each fiber potted in a cytindricat 
header, each fiber forming a loop, the looped ends being free. As the data in Fig 1 7 shows, use of the prior art cylindrical 
module with looped ends freely movable in the substrate, was less effective than the frameless array with spread apart 
looped fibers shown in Fig 1 . 

[0009] It has been discovered that for no known reason, fibers which are more than 5% but less than 10% longer 
than the fixed distance between the opposed faces of the headers of a vertical skein, tend to shear off at the face; and 
those 107o longer tend to clump up in the bubble zone; and. that a gas-scrubbed vertical skein of restrictedly swayable 
fibers, provides an optimum configuration of fibers through which bubbles of a fiber-cleansing gas ("scrubbing gas") 
when flowed vertically upwards, parallel to and along the surfaces of the fibers. In a skein of any desired surface area 
in the range from about 0.1 m^ to 1000 m^ or more« provided by densely packed fibers, bubbles in such a configuration 
are more effective cleansing agents than bubbles which are intercepted by arcuate fibers crossing the path of the rising 
bubbles. A comparison of skeins with different fiber orientations is provided. Bubbles of an oxygen-containing gas to 
promote growth of microbes unexpectedly fails to build-up growth of microbes on the surfaces of swaying fibers because 
the surfaces are "vertically air-scrubbed". Deposits of animate and/or inanimate particles upon the surfaces of fibers 
are minimized when the restrictedly swayable fibers are kept awash in co-directionally rising bubbles which rise with 
sufficient velocity to exert a physical scrubbing force (momentum provides the energy) to keep the fibers substantially 
free of deleterious deposits. Thus, an unexpectedly high flux is maintained in fibers over each unit area of the surface 
of the skein fibers over a long period. 

[0010] In a "gas-scrubbed assembly" comprising a skein and a gas-distribution means, the skein fibers are secured 
in spaced-aparl headers, so that the fibers, when deployed in the substrate, acquire a generally vertical profile within 
the substrate and sway independently within the bubble zone defined by at least one column of bubbles. The length 
of fibers between opposed surfaces of headers from which they extend, is in a critical range from at least 0.1% (per 
cent) longer than the distance separating those opposed faces, but less than 5% tonger. Usually the length of fibers 
is less than 2% longer, and most typically, less than 1% longer, so that sway of the fibers is confined within a vertical 
zone of movement, the periphery of which zone is defined by side-to-side movement of outer skein fibers; and. the 
majority of these fibers move in a slightly larger zone than one defined by the projected area of one header upon the 
other. Though the distance between headers is fixed during operation, the distance is preferably adjustable to provide 
an optimum length of fibers, within the aforesaid ranges, between the headers. 

[0011] In commercial wastewater treatment of all types skeins are typically in the range from 30 rv^ to 500 m^; in 
specific other uses, such as in water treatment in a recreational vehicle, an aquarium for aquatic animals, or, to obtain 
a solids-free sample of fluid for analysis, a skein of much smaller area, in the range from 0.1 to 5 m^, referred to 
as a "self-contained mini-skein", is constructed with its own gas supply means and permeate withdrawal pump. 
[0012] Permeate may be withdrawn from only one. usually the upper permeate coltectk)n means (pan or end-cap), 
or. in skeins of large surface area greater than 200 m^, from both (upper and lower) pans or end-caps. Most preferably, 
air is introduced between skein fibers by an air-tube potted in any one of several configurations depending upon the 
configuration of the header in the skein, or, that of plural headers in a bank of skeins. Preferably the air-tube supplies 
air to a sparger near the base of the skein fibers, and simultaneously provides a spacer means to position and space 
the lower header the requisite distance from the upper header. The sparger is part of a gas-supply means which supplies 
cleansing gas. 

[001 3J A novel composite header is provided for a bundle of hollow fiber membranes or "fibers", the composite header 
comprising a molded, laminated body of arbitrary shape, having an upper lamiria formed from a "fixing" (pottirtg) material 
which is laminated to a lower lamina fomned from a "fugitive" potting material. The terminal portions of the fibers are 
potted in the fugitive potting material when it is liquk). preferably forming a generally rectangular paratlelpiped in which 
the open ends of the fibers (until potted) are embedded and plugged, keeping the fibers in closely spaced-apart sub- 
stantially parallel relationship. The plugged ends of the fibers fall to protrude through the lower (aft) face of the lower 
lamina, while the remaining lengths of the fibers extend through the upper face of the tower lamina. The upper lamina 
extends for a height along the length of the fibers sufficient to maintain ttie fibers in the same spaced-apart relationship 
relative to one and another as their spaced-apart relationship in the tower portion. If desired, the composite header 
may include additional laminae, lower portion. If desired, the composite header may include additional laminae, for 
example, a "cushioning" lamina overtying the fixing lamina, to cushion each fiber around its embedded outer circunv 
ference; and. a "gasketing" lamina to provide a suitable gasketing material against which the permeate collection means 
may be mounted. 

[001 4] Though the shape of a header is arbitrary, for ease of fabricatton. each header of a pair is either a rectangular 
parallelpiped or a cylindrical disc. Rectangular vertical skeins are potted in rectangular headers; cylindrical vertical 
skeins are potted in cylindrical headers. For maximum utilization of space on a header, the fibers are densely packed 
in rows, or. in a spiral pattern by rolling a large array into a spiral roll and potting each end of the spiral roll directly in 
a cylindrical resin-confining means. Such resin-confining means is typically a rectangular or cylindrical pan or end-cap. 
Either configuration of header may be used in a variety of different emtKXliments as disclosed in the illustrative exanv 
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pies. 

SUMMARY OF THE INVENTION 

5 [0015] According to a main aspect of the invention, there is provided a method of potting a plurality of hollow fibre 
membranes into a mass of solidified potting liquid comprising the steps of. 

(a) providing a plurality of hollow fibre membranes, the membranes having terminal portions adjacent open ends; 

(b) enclosing the open ends and terminal portions of the hollow fibre membranes in a first material held in a con- 

10 lainer; 

(c) flowing a potting liquid in the container over the first material, which potting liquid surrounds each hollow mem- 
brane and then becomes a solid mass which provides a fluid-tight seal to the outside of the hollow fibre membranes, 
the first material preventing the potting liquid or solid mass from closing said ends of the membranes: and. 

(d) removing the first material from said ends and terminal portions of the hollow fibre membranes. 

f5 

[0016] Another aspect of the invention is a method of potting a plurality of hollow fibre membranes into a mass of 
solidified potting liquid fixed to a permeate pan or other header enclosure of a filtration module comprising the steps of. 

(a) providing a plurality of hollow fibre membranes, the membranes having terminal portions adjacent open ends; 
20 (b) enclosing the open ends and terminal portions of the hollow fibre membranes in a first material held in the 

permeate pan or other header enclosure; 

(c) flowing a potting liquid Into the permeate pan or other header enclosure over the first material, which potting 
liquid sun-ounds each hollow membrane and then solidifies becoming a solid mass which provides a fluid-tight seal 
to the outside of the hollow fibre membranes and which attaches and seals to the permeate pan or other header 

2S enclosure, the first material preventing the potting liquid or solid mass from dosing said ends of the membranes; 

and. 

(d) removing the first material from said ends and terminal portions of the hollow fibre membranes and the permeate 
pan or other header enclosure. 

30 [0017] Yet another aspect of the invention is a method of potting a plurality of hollow fibre membranes into a mass 
of solidified potting liquid comprising the steps of, 

(a) arraying a plurality of hollow fibre membranes in generally parallel relationship, each membrane having a ter- 
minal portion near a first open end of the membrane, the terminal portions of the membranes being generally 

35 adjacent each other; 

(b) enclosing the first open ends and terminal portiorts of the hollow fibre membranes in a first material held in a 
container; 

(c) flowir)g a potting liquid in the container over the first material, which potting liquid surrounds each hollow mem- 
brane and then becomes a solid mass which provides a fluid-tight seal to the outside of the hollow fibre membranes* 

40 the first material preventing the potting liquid or solid mass trom closing said ends of the membranes; and. 

(d) removing the first material from said ends and terminal portions of the hollow fibre membranes. 

[0018] The invention also provides a method of forming a header for a skein of a multiplicity of fibers, comprising, 
forming a bundle of fibers in at least one array supported on a support means having a thickness corresponding 
45 to a desired lateral spacing between adjacent fibers; 

holding said bundle in a first liquid with terminal portions of said fibers submerged, until said first liquid solidifies 
into a first shaped lamina, provided that said first liquid is unreactive with materiai of the fibers; 

pouring a second liquid over said first shaped lamina to embed the fibers to a desired depth, and solidifying said 
second liquid to form a fixing lamina upon said first shaped lamina, said second liquid also being substantially unreactive 
50 with either the material of said fibers or that of said first shaped lamina; whereby a composite header is formed in which 
terminal portions of said fibers are potted, said composite header comprising a laminate of a fugitive lamina of fugitive 
material and a contiguous finished header of fixing lamina; and thereafter. 

removing said first shaped lamina without removing a portion of said fixing lamina so as to leave open ends of 
said fibers protruding from an aft face of said header, said op>€n ends having a circular cross-section. 
55 [0019] Further aspects of the invention are set out in claims 2 to 4. 6 to 8, 10 to 19 and 21 to 27, 
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BRIEF DESCRIPTION OF THE DF?AWINGS 

[0020J The foregoing and additional objects and advantages of the invention will best be understood by reference 
to the following detailed description, accompanied by schematic illustrations of preferred embodiments of the invention. 

5 in vvhich illustrations like reference numerals refer to like elements, and in which: 

[0021 ) Figure 1 is a graph in which the variation of flux is plotted as a function of time, showing three curves for three 
runs made with three different arrays, in each case, using the same amount of air. the identical membranes and the 
same membrane surface area. The results obtained by Yamamoto et al are plotted as curve 2 (under conditions modified 
to give them the benefit of doubt as to the experimental procedure employed, as explained below); the flux obtained 

10 using the gas-scrubbed assembly of the *424 patent is shown as curve 1 ; and the flux obtained using the gas-scrubbed 
assembly of this inventk)n is shown as curve 3. 

[0022] Figure 2 is a perspective exploded view schematically illustrating a membrane device comprising skein fibers 
which are unsupported and unattached one to another intermediate the headers, with the ends of the fibers potted in 
a lower header, shown during operation of the device, with a permeate collection pan. and a permeate withdrawal 
'5 conduit. 

[0023] Figure 2A is an enlarged detail side efevational view of a side wall of a collection pan showing the profile of 
a header-retaining step atop the periphery of the pan. 

[0024] Figure 2B is a bottom plan view of the header showing a random pattern of open ends protruding from the 
aft face of a header when fibers are potted after they are stacked in rows and glued together before being potted. 
[0025] Figure 3 is a perspective view of a single an-ay, schematically illustrated, of a row of substantially coplanarly 
disposed parallel fibers secured near their opposed terminal ends between spaced apart cards. Typically, multiple 
arrays are assembled before being sequentially potted. 

[0026] Figure 4 illustrates an end view of a stack of arrays in end view, clamped together, showing that the individual 
fibers (only the last fiber of each linear array is visible, the remaining fibers in the array being directly behind the last 
25 fiber) of each array are separated by the thickness of a strip with adhesive on it. as the stack is held vertically in potting 
liquid. 

[0027] Figure 5 is a perspective view schematically illustrating a skein with its integral finished header, its permeate 
collection pan. and twin air-tubes feeding an integral air distribution manifold potted in the header along an outer edge 
of the skein fibers. 

30 [0028] Figure 6 is a side elevational view of an integral finished header showing details of a penneate pan submerged 
in substrate, the walls of the header resting on the bottom of a reservoir, and multiple air-tubes feeding integral air 
distribution manifolds potted In the header along each outer edge of the skein fibers. 

[0029] Figure 7A is a perspective view schematically illustnating an air-nianlfold from which vertical air-tubes rise. 
[0030] Figure 78 is a perspective view schematically illustrating a tubular air-manifoW having a transverse perforated 
35 portion, positioned by opposed terminal portions. 

[0031] Figure 8 is a perspective view of an integral finished header having plural skeins potted in a common header 
molded in an integral permeate collection means with air-tubes rising vertically through the header between adjacent 
skeins, and along the outer peripheries of the outer skeins. 

[0032] Figure 9 is a detail, not to scale, illustratively showing a gas distribution means discharging gas between 

<o arrays in a header, and optionally along the sides of the lower header. 

[0033] Figure 1 0 is a perspective view schematically illustrating a pair of skeins in a bank in which the upper headers 
are mounted by their ends on the vertical wall of a tank. The skeins in combination with a gas-distribution means form 
a "gas-scrubbing assembly" deployed within a substrate, with the fibers suspended essentially vertically in the sub- 
strate. Positioning the gas-distribution means between the lower headers (and optionally, on the outside of skein fibers) 

«5 generate masses (or "columns") of bubbles which rise vertkally. co-directionally with the fibers, yet the bubbles scrub 
the outer surfaces of the fibers. 

[0034J Figure 11 is a perspective view of another embodiment of the scrubbing-assembty showing plural skeins (only 
a pair is shown) connected in a bank with gas-distribution means disposed between successive skeins, and. optionally, 
with additional gas-distribution means fore and aft the first and last skeins, respectively. 

[0035] Figure 12 is an elevational view schematically illustrating a bank of skeins mounted against the wall of a 
bioreactor. showing the convenience of having all piping connections outside the Ikjuid. 

[0036] Figure 13 is a plan view of the bioreactor shown in Fig 12 showing how multiple banks of skeins may be 
positioned around the circumference of the btoreactor to form a large permeate extraction zone while a clarification 
zone is formed in the central portion with the help of baffles. 

[0037] Figure 14 is a cross-sectional view schematically illustrating a cylindrical skein having upper and lower end- 
cap integral headers in each of which is directly potted an array of fibers in a finished header sealed at its periphery 
to the wall of the end-cap without a gasket. 

[0038] Figure 14A is a bottom plan view of a potted an-ay held as a roll in a fiber-setting form, before the end of the 



so 



55 



5 



EP1 213 048 A1 



roll is potted in a ring, so as to form an integral header in which the pattern of fibers is spiral. 
(0039) Figure 14B is a bottom plan view of a series of potted cylindrical arrays referred to as "ring arrays" because 
the ends are secured in stiff cylindrical rings, the arrays being nested with each successive ring array being slid over 
the previous one. The nested rings are then potted in a resin-conrming ring. 
5 [0040] Figure 14C is a bottom plan view of a series of planar arrays, the widths of each being chosen so that they 
may be stacked, chord-like (that is. as successive chords in the resin-confining ring) before the stack is potted in the ring. 
[0041] Figure 15 is a aoss-sectional view schematically illustrating a cylindrical skein and end-cap integral headers 
as in Fig 14, except that permeate is withdrawn from only the upper header. 

[0042] Figure 15A is a perspective view of a aoss-shaped sparger with a central air-tube and sparging arms. 
10 [0043] Figure 16 is a side elevational view schematically illustrating a cylindrical skein in which a ring header is 
formed first. The ring header is then sealed into an end-cap. In addition to the permeate tube, a rigid air supply tube 
is inserted through the upper end-cap and upper header into the central portion of the skein, the lower portion of the 
air supply tube being potted in the lower header, thus functioning as a spacer means, and at the same time, as a 
support for the upper end-cap. 

IS [0044] Figure 17 illustratively shows another embodiment of the skein in which the permeate tube is concentrically 
disposed within the air supply tube, and both are potted, near their lower ends in the lower header. Ports in the lower 
end of the air supply tube provide air near the base of the skein fibers. 

[0045] Figure 18 is a bar graph showing the average flux over a 24 hr period for each of three different orientations 

of the skein. 

20 [0046] Figure 19 is a plot of flux as a function of time, until the flux reaches an equilibrium value, for the same skein 
with internal and with external aeration. 

[0047] Figure 20 is a plot of flux as a function of time, until the flux reaches an equilibrium value, for skeins having 
identical surface area except that the fibers are taut in one, and slack in the other. 

25 DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

The Vertical Skein and the Arrays which form it: 

[0048] The skein of this invention is used in liquid-liquid microflttration processes to remove micron, sub-micron and 
30 larger suspended solids such as organic oKslecules, emulsified organic liquids and colloidal or suspended solids, usually 
from water. Typical applications are (i) in a membrane bioreactor. to produce permeate as purified water; (ii) filtration 
of secondary effluent from wastewater treatment, to remove suspended solids and pathogenic bacteria; (iii) clarification 
of aqueous streams to produce drinking water (removal of collokis. long chain carboxylic acids and pathogens); (iv) 
separation of a permeable liquid component in bjotechrK)logy broths; (v) dewatering of metal hydroxide sludges; and, 
3S (vi) filtration of oily wastewater, inter alia. 

[0049] Typically the skein is configured so that alt connections for flukis entering or leaving the skein are provided 
in the upper header. Permeate Is most preferably withdrawn through a tube passing through the upper header whether 
(i) the lower header collects no permeate (as explained bekw); or (ii) permeate collects in both the upper and lower 
headers. The skein preferably operates in a substrate hekl in a reservoir at atmospheric pressure (1 bar) or above, in 
^0 the range up to about 10 bar in a pressurized vessel, without being confined within the shell of a module. 

[0050] One or more arrays are potted in headers, the upper (or "fore") and lower (or "aft") surfaces of which are in 
horizontal (x-y) planes. Instead of a single continuous array, plural arrays may be made and joined together, end-to- 
end successively, to form a much larger array which can be extended. 

[0051] Operation of the skein is affected by (a) the fiber chosen, (b) the amount of air used, and (c) the substrate to 
<5 be filtered. The goal is to filter a slow-moving or captive substrate in a large container under ambient or elevated 
pressure, but preferably under essentially ambient pressure, and to maximize the efficiency of a skein which does so 
(filters) practically and economically. 

[0052] By operating at ambient pressure, mounting the integral headers of the skein within a reservoir of substrate, 
and by allowing the fibers restricted movement within the bubble zone in a substrate, we minimize damage to the fibers. 
^ Because, a header secures at least 10. preferably fi-om 50 to 50,000 fibers, each generally at least 0.5 m tortg. in a 
skein, it provides a high surface area for filtration of the substrate. 

The Fibers and How they are Densely Packed: 

55 [0053] The fibers divide a reservoir into a "feed zone" and a withdrawal zone referred to as a "permeate zone". The 
feed of substrate is introduced externally (refen^ed to as "outside-in" flow) of the fibers, and resolved into "permeate" 
and "concentrate" streams. The skein, or a bank of skeins of this invention is most preferably used for mk:rofiltration 
with "outside-in" flow. Though at least one skein is replaceably disposed in a small reservoir having a volume up to 
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about 10 L (liters) and even up to about 100 L or more, a bank of skeins is preferably used in a relatively large reservoir 
having a volume in excess of 1000 L, such as a flowing stream, more typically a pond or tank. Most typically a bank 
or plural banks with collection means for the permeate, are mounted in a large tank under atmospheric pressure and 
permeate is withdrawn from the tank. 

[0054] The fibers used to form the skein may be formed of any conventional membrane material provided the fibers 
are flexible and have an average pore cross sectional diameter for microfiltration. namely in the range from about 
1000A to lOOOOA. Typically fibers range from 1 m to about 5 m long, depending upon the dimensions of the body of 
substrate (depth and width) in which the skein is deployed. Preferred fibers operate with a transmembrane pressure 
differential in the range from 7 kPa (1 pst) - 69 kPa (10 psi) and are used under ambient pressure with the permeate 
withdrawn under gravity. The fibers are chosen with a view to perform their desired function, and the dimensions of 
the skein are detemiined by the geometry of the headers and length of the fibers. It is unnecessary to confine a skein 
in a modular shell, and a skein is not. 

[0055] For hollow fiber membranes, the outside diameter ("o.d.") of a fiber is at least 20nm and may be as large as 
about 3 mm. typically being in the range from about 0.1 mm to 2 mm. The larger the o.d. the less desirable the ratio 
of surface area per unit volume of fiber. The fiber wall thickness is at least Sum and may be as much as 1 2 mm 
typically being in the range from about 1 5% to about 60% of the o.d. of the fiber, most preferably from 0.5 mm to 1 .2 mm' 
[0056] The number of fibers in a single array is arbitrary, typically being in the range from about 1000 to about 10000 
for commercial applications, and the preferred surface area for a skein is preferably at least >1 m2 typically from 10 
m2 to 100 m2. The center to center distance of adjacent fibers is preferably in the range from 1 .2 (1.2d) to about 5 
times (5d) the o.d. 'd' of a fiber. Preferred center-to-center spacing is from about I.Sd to 2d. The packing density of 
fibers, that is. the number of fibers per unit area of header preferably ranges from 4 to 50 fibers/cm? depending upon 
the diameters of the fibers. 

[0057] The particular method of securing the fibers in each of the headers is not narrowly critical, the choice depending 
upon the materials of the header and the fiber, and the cost of using a method other than potting. However, it is essential 
that each of the fibers be secured in fluid-tight relationship within each header to avoid contamination of permeate. 
This is effected by potting the fibers essentially vertically. In closely-spaced relationship, substantially concentrically 
[0058] Prefen-ed fibers are made of organic polymers and ceramks. whether isotropic, or anisotropic, with a thin 
layer or "skin" on the outside surface of the fibers. Fibers may be made from braided yam covered with a water-insoluble 
polymeric material such as those disclosed in U.S. Patent No. 5.472.607. Preferred organic polymers for fibers are 
polysulfones. poly(styrenes). indudingstyrene-containingcopolym.erssuchasacrytonitrile-styrene, butadiene-styrene 
and styrene-vinylbenzylhallde copolymers, polycarbonates, cellulosic polymers, polypropylene. poly(vinyl chloride) 
poly(ethylene terephthalate). and the like disclosed in U.S. Patent No. 4,230.463 the disclosure of which is incorporated 
by reference thereto as If fully set forth herein. Preferred ceramic fibers are made from alumina, by E. I. duPont deN- 
emours Co. and disclosed in U.S. Patent No. 4.069.157. 

The Headers: 

[0059] One integral header of a skein is displaceable in any direction relative to the other, either longitudinally (x- 
axis) or transversely (y-axis). only prior to submerging the skein for operation. To use a skein, the headers are vertically 

^0 spaced apart in parallel relationship within a reservoir, for example, by mounUng one header above another against a 
vertical wall of the reservoir which functions as a spacer means. This is also true prior to spacing one header directly 
above another with other spacer means such as bars. rods, struts. I-beams, channels, and the like, to assemble plural 
skeins into a "bank or cluster of skeins" ("bank" for brevity). After assembly into a bank, a segment intermediate the 
potted ends of each individual fiber is displaceable along either the x- or the y-axis. because the fibers are loosely held 

<5 in the skein. ' 

[0060] Most preferably, each integral header is directly potted in a suitable material from which the header of cured 
potting resin is not removed, requiring no gasket (hence referred to as "gksketlessl between the cured resin of the 
header and the inner periphery of the permeate collection means. When the integral header is adhesively secured in 
a pan or "end-cap- to form a pemieate-collection zone, again, no gasket Is required, though one may be used if the 
50 integral header is to be disassembled. 

[0061] The fixing material to fix the fibers In a finished header (or fixing lamina) is most preferably either a thermo- 
setting or themroplastic synthetk: resinous material, optionally reinforced with glass fibers, boron or graphite Hbers and 
the like. Thermoplastic materials may be crystalline, such as polyolefins. polyamides (nylon), polycartwnales and the 
like, semi-crystalline such as polyetherether ketone (PEEK), or substantially amorphous, such as poly(vinyl chloride) 
(PVC). polyurethane and the like. Themiosetting resins commonly include polyesters, polyacetals. polyethers cast 
acryiates, thermosetting polyurethanes and epoxy resins. Most preferred as a "fixing" material (so termed because it 
fixes the locations of the fibers relative to each other) Is one which when cured is substantially rigid in a thickness of 
about 2 cm, and referred to generically as a -plastk:" because of its hardness. Such a plastic has a hardness in the 
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Po^rethane such as is comme^dTava!, aKjen^^^^ •^^'"^'^"^ '""-^^ "E). 

spaced-apan headers; and (ii) a gas-scruLCea^SiSi-fr^^ T '° '** ' ""'^ *" 

base of the skein, and engu fing L skin^Tes ^^nt^^T """" °' "''"^ "^^ 

The Gas>Scrubbed Assembly: 

terminal ponions potted spacelSTulorrnH? k ! """'^""^ ^' '^^'^ ^ ""^^^ "^^'"9 "PP«^ ^"<' 'ower 
now rate which is proportional to the n^S.^ orfl! ^ Thl f T ^ °' intermittently, at a 

lubes disposed tetw«,n ,h» kT:::: "r °' ^"^^"^ addrt,onally be "gas-scrubbed" with one or more air- 
the first and last skei^ so thaU^ ^^Zfr^ T ^>^* »»» «>ere of 

not narrowly icafpro^ri. Siv^rs b '^^^^^^^^ 1^" "^"^ f"""^- ^ °' ^ '^'^ ^ 
With, a distancecf fL 1 a^^t^^^^^^Zl^Z'^^S^^Sr ' ' " '"^--^ 
Operation of the System: 

desirable flux is'obtained anTpro^des the ^proprtte .^a"nsm T"'' '° ^' 

ating process conditions. appropnate transmembrane pressure differential of the fibers under oper- 

dTe:Lf iS'ir^^^^^^ ^ — - p-p ^ 

provided the pump genera"es the r^l "sud^T 1^^ ""^^ ° ' '° ''P^ <^ 

quate "liquid head" is provided Sn the sSc^ o^*^ '"^^ "^^'^ 

Moreover, as explained in oreate^Si^foTin- ^ ""'"''l" ^"'^ P^"^««« « ^""^^^vvn. 

necessary, the permeat^cS^ri t n^!?;!."^^ he pem,eafe ftow is induced by a pump, the pump may not be 
.ransmeI,aneVes:::dr^^?, rnS^^p^^^^^^^^^^ °P«-«n9 with fibers subjected to a 

service in a reservoir which is not Dressun>«i 1„h .h ^ P""!? ^» Provide adequate 
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having their opposed terminal portions potted in open fluid communication with at least one header: the fibers operating 
under a transmembrane pressure differential in the range from about 0.7 kPa (0.1 psi) to about 345 kPa (50 psi) and 
a length from at least 0. 1 % to about 2% greater than the direct distance between the opposed upper and lower faces 
of cured resin in the headers, so as to present, when the fibers are deployed, a generally vertical skein of fibers 
maintaining an essentially constant flux substantially the same as the equilibrium flux initially obtained indicating that 
the surfaces of the fibers are substantially free from further build-up of deposits once the equilibrium flux is attained' 
collecting the permeate: and, 
withdrawing the permeate. 

[0069] The foregoing process may be used in the operation of an anaerobic or aerobic biological reactor which has 
been retrofitted with the membrane device of this invention. The anaerobic reactor is a dosed vessel and the scrubbing 
gas is a molecular oxygen-free gas, such as nitrogen. 

[0070) An aerobic biological reactor may be retrofitted with at least one gas-scrubbed bank of vertical cylindrical 
skeins, each skein made with from 500 to 5000 fibers in the range from 1 m to 3 m long, in combination with a permeate 
collection means, to operate the reactor without being encumbered by the numerous restrictions and limitations im- 
posed by a secondary clarification system. 

[0071] Typically, there is no cross flow of substrate across the surface of the fibers in a "dead end" tank If there is 
any fiow of substrate through the skein in a dead end tank, the fiow is due to aeration provided beneath the skein or 
to such mechanical mixing as may be employed to maintain the solids in suspension. There is generally more flow and 
h.gher fluid velocity through the skein in a tank into which substrate is being continuously flowed but the velocity of 
fluid across the fibers is generally too insignificant to deter growing microorganisms from attaching themselves or 
suspended particles, e.g. microscopic siliceous particles, from being deposited on the surfaces of the fibers 
[0072] Fig 1 presents the results of a comparison of three runs made, one using the teachings of Yamamoto in his 
89 publication (curve 2). but using an aerator which introduced air from the side and directed it radially inwards as is 
shown in Chiemchaisri et al. A second run (curve 1) uses the gas-scrubbed assembly of the '424 patent and the third 
run (curve 3) uses a gas-scrubbed skein as described herein except that the headers were rectangular parallelpipeds 
The flux obtained with an assembly of an inverted parabolic array with an air distributor means (Yamamoto et al) as 
disctosed in Wat Sci. Tech. Vol. 21 . Brighton pp 43-54. 1989. and. the parabolic array by Cote et al in the '424 patent 
are compared to the flux obtained with the vertical skein of this Invention. 

[0073] The comparison is for the three assemblies having fibere with nominal pore size 0.2 ^UT^ with essentially 
Identical bores and surface area in 80 L tanks filled with the same activated sludge substrate. The differences between 
the stated experiment of Yamamoto et al, and that of the '424 patent are of record in the '424 patent, and the conditions 
of the companson are incorporated by reference thereto as if fully set forth herein. The vertical skein used herein differs 
from the '424 skein only in the vertical configuratton of the 280 fibers, each of which was atwut 1% longer than the 
distance l>etween the spaced apart headers during operation. The ftow rate of air for the vertical skein is 1 4 m3/hr/m2 
^ using a coarse bubble diffuser 

^^"J^LA'^" ^ ^ "^^^ '"^'^ "^^^'^ P'-essure (conventionally written 

as (ijnh/kPa). IS plotted as a function of operating time for the three assemblies, that the curve, identified as reference 
numeral 3 for the flux for the vertical skein, provides about the same flux as the parabolic skein, identified as reference 
numeral 1. As can be seen, each flux reaches an equilibrium condition within less than 50 hr, but after about 250 hr 
It IS seen that the flux for the inverted parabolic array keeps declining but the other two assemblies reach an equilibrium' 
[0075] Referring to Fig 2 there is illustrated, in exploded view a portion of a membrane device referred to as a -vertical 
skein" 10. comprising a lower header 11 of a pair of headers, the other upper header (not shown) being substantially 
Identical; collection pan 20 collects permeate which is withdrawn through conduit 30. The hea^^ 
prism but could be cylindrical if desired. Though densely packed, the fibers 12 are not in contact with each other but 
spaced apart by the cured resin between them. 

[0076J As illustrated, the open ends of the terminal portions 12' of the fibers are in the same plane as the lower face 
of the header 11 because the fibers are conventionally potted and the header sectioned to expose the open ends A 
specific potting procedure in which the trough of a U-shaped bundle of fibers is potted, results in forming two headers 
This procedure is described in the '424 patent (col 17. lines 44-61); however, even cutting the potted fibers with a thin' 
highspeed diamond blade, tends to damage the fibers and initiate the collapse of the circumferential wall In another 
conventional method of potting fibers, described in U.S. Patent No. 5.202.023. bundled fibers have their ends dipped 
in resin or paint to prevent resin penetration into the bores of the fibers during the potting process. The ends of the 
bundle are then placed in molds and uncured resin added to saturate the ends of the fiber bundle and fill the spaces 
between the individual fibers in the bundle and the flexible tubing in which the bundle is held. The cured molded ends 
are removed from the moWs and the molded ends cut off (see. bridging cols 11 and 12). In each prior art method 
sectioning the mold damages the embedded fibers. 

[0077] Therefore a novel method is used to form a header 11 in the form of a rectangular prism. The method requires 
forming a composite header with two liquids. A first liquid fugitive material, when solidified (cured), forms a "fugitive 
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In^«f °' '•'V°'"P°5i'« a second liquid of non-fugitive Hxing material forms a fixing lamina" 

1 Ihl I T V , """'^^ T""" •^'•"^ "» COO" solidify i"'o a fugitive lam.na- 

hef.bersin,he(ugn,velam.naarethen again polted.t^^^ 

10079] In greater detail, the method for forming a finished header for skein fibers comprises 

S L'"?^ "' "T.'" ^' ^''^^ '""'^^ °" ' '"P'^ "^^'"9 " "''*"«s corresponding to a 

desired lateral spaang between adjacent fibers: a,~«jiiiHioa 

holding the bundle in a first liquid with terminal portions of the fibers submerged, until the liquid sdidifies into a first 
shaped lamina, provided that the first liquid is unreactive with material of the fibers 

^HiT, '""'"r "'"^ '"^ '""^^ '""'"^ '° ^"'^'^ "^^ f"^^^ ^ 'leP'''- and solidifying the second 
liquKJ to form a fixing lamina upon the first shaped lamina, the second liquid also being substantially u^eaclive with 
either the material of the fibers or that of the first shaped lamina- unfeaaive with 

Whereby a composite header is fomied in which terminal portions of the fibers are potted, preferably in a geometrically 
finished header of fixing lamina; and thereafter. 

removing the first shaped lamina without removing a portion of the fixing lamina so as to leave the ends of the fibers 

KUirpSS" ^" '''''' '° - 

(0081] Fibers 12 are each cut to about the same length with a sharp blade so as to leave both opposed ends of each 
fiber with an essentially circular cross-section. The fibers are copjanarty disposed side-by-side in a linear array on a 
ptenar support means such as strips or cards 15 and 16. f»referably the strips are coated with an adhesive, e g a 
commercia ly available polyethylene hot-melt adhesive, so that the fibers are glued to the strips and opposed temJnal 
P0rtK>ns , 2Vejectively of the fibers, ex^^^^ 

ih f ^'^ "^^ ^ «"«««l-aPart g"»ves Which snugly accommodate 

the fibe^. The strips may be flexible or r^id. If flexible, strips with fibers adhered thereto, are in turn, also adhered to 
each other successively so as to form a progressively stiffer stack for a header having a desired geometry of potted 

S?^ in aS'S„*^tI''r I T"' '^k"'" °' ""'"'"^ ''^"""9 -"'"P'^ ^^y^ °" ngid 

«ri^rl. H "^""^ ^8 ^'^'^'"9 means. The temiinal portions 12" are thus held in spaced- 

s^rl? r H f '^rT '^"'^^ "'^'^"^^ °' ""^^^ ^^'^^^^'^ ^"9^ from 1 .2 (1.2d) to about 

l^J^ ? ^ """'^ ^^^^"^^"^ '""^ 2d. Preferably, the thickness of a strip is 

about the same as. or relatively smaller than the o.d. of a fiber, preferably from about 0.5d to Id thick, which becornes 
the spacing between adjacent outside surfaces of fibers in successive linear arrays 

thSilT^ ' T ^ '^""^ aPPe* essentially kJen- 

to II plJSt." 

Sf ^5"^ '° "If? ''..^f '"^^ a rectangular potting pan 17 the length and width dimen- 

.h!lt ^ f ooTesporjd substantially to the longitudinal (x-axis) and transverse (y-axis) dimensions respectively of 
the desired header The tower portion of the bundle is submerged in a first liquid which rises to a level indkSed by LI 
ZT.'^iyZ:::Tc^ '^iS^' ^^^^'^^^^-^^^ a me«ing point towerthan r's^C. 

one^in t^e fiS'Cd2. '^'^ ""^ ^'"^ ''^ ^''^ '° 

A. First illustrated is the potting of skein fibers in upper and lower headers from which the strips win be removed. 
[0085] • • 

f aP«"a'"i"a having a thickness LI (corresponding to the depth to which the first liquid was poured) 

pluSd '° '"^ 'P"""' ^"'^ '"^'^ 

ivJIIf 'T*^ "r?^,^ P0«"9 resin, or reactive components thereof, is poured 

over the surface of the fugitive lamina to surround the fibers, until the second liquid rises to a level L2. It is solidified 
! Tno T. "ri'""""^ ^"^^ *^ leader) having a thickness measured from the level L1 to the 

ol ,t v.r» r'^"*'! r 7"*" "'■ '^'^ '"^ ' ^'^-^ 5 cm) maintains the relative positions 
fixing familial "^^e' « fomied having the combined thfcknesses of the fugitive and 

(3) In a manner analogous to that described immediately hereinabove, the upper portion of the bundle is potted 
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in a second composite header. 

(4) The composite headers are demolded from their potting pans and hot air blown over them to melt the fugitive 
laminae, leaving only the finished headers, each having a thickness L1-L2. The fugitive material is then reused. 
Alternatively, a water-soluble fugitive material may be placed in hot water to dissolve the material, and the material 
is recovered from its water solution. 

(5) The ends of the fibers left protruding from the permeate-discharging aft faces of the headers, are open and 
retain a circular cross-section. 

B. Illustrated second is potting without removing the strips. 
[0086] 

(1) The first liquid is poured to a level LV below the cards, to a depth in the range from about 1 - 2.5 cm, and 

solidified, foriming fugitive lamina LI*. 

(2) The second liquid is then poured over the fugitive lamina to depth L2 and solidified, forming a composite header 
with a fixing lamina having a thickness LV-L2. 

(3) The composite header is demolded and the fugitive lamina removed, leaving the temninal portk)ns 12" protruding 
from the aft face of the finished header, which aft face is formed at what had been the level LI'. The finished header 
having a thickness Lr-L2 embeds the strips 15 (along with the rubber bands 18, if used). 

C. Illustrated third is potting to form a cushioning lamina embedding the fibers on the opposed (fore) faces of the 
headers from which the strips will be removed. 

[0087] The intermittent 'snapping* motion of the fibers tends to break fibers around their circumferences, at the in- 
terface of the fore face and substrate. To combat hardness of the "fixing lamina" a "cushioning lamina" is formed of 
material softer than the fixing lamina, integrally therewith, by pouring cushioning liquid (so temned for its function when 
cured) over the fixing lamina to a depth 13 as shown in Fig 4. Its depth provWes 'give' around the circumferences of 
the fibers to minimize the risk of shearing. Such cushioning liqukl, when cured is rubbery, having a hardness in the 
range from about Shore A 30 to Shore D 45, and Is preferably a polyurethane or silicone or other rubbery material 
which will adhere to the fixing lamina. Upon removal of the fugitive lamina, the finished header thus formed has the 
combined thicknesses of the fixing lamina and the cushioning lamina, namely L1-L3 when the strips 15 are cut away. 

D. Illustrated fourth is forming a gasketing lamina. 

[0088] Whichever finished header is made, it is preferably fitted into a penneate pan 20 as Illustrated in Fig 2 with a 
peripheral gasket. Because it is easier to seal the pan against a gasketing lamina, than against a peripheral nan"ow 
gasket, a gasketing material having a hardness in the range from Shore A 40 to Shore D 45. forms a desirable gasketing 
lamina integrally with the aft face of the finished header. In the embodiment In which the strips are cut away, the fugitive 
lamina is fomied as before, and a gasketing liquid (so termed because It fomis the gasket when cured) is poured over 
the surface of the fugitive lamina to a depth L4. The gasketing liquid is then cured. Removing the fugitive lamina, and 
cutting the strips 15 away, leaves the finished header having a combined thicknesses of the gasketing lamina (L1-L4). 
the fixing lamina (L4-L2) and the cushioning lamina (L2-L3), namely an overall L1>L3. 

[0089] In another embodiment, to avoid securing the pan to the header with a gasketing means, and. to avoid posi- 
tioning one or more gas-distribution manifolds in an optimum location near the base of the skein fibers after a skein is 
made, the manifolds are formed integrally with a header. Referring to Fig 5 there is illustrated in perspective view an 
"integral single skein" 100 having an Integral finished header 101 and perrneate pan 102 with a permeate withdrawal 
nipple 106, and fitted with vertical air-tubes 103 which are to be embedded in the finished header. The air-tubes are 
preferably manifolded on either side of the skein fibers, to feeder air-tubes 104 and 105 which are snugly inserted 
through grommets in the walls of the pan. The permeate nipple 106 is then plugged, and a stack of an-ays is held 
vertically In the pan In which a fugitive lamina is fomied embedding both the ends of the fibers and the lower portion 
of the vertical air-tubes 103. A fixing lamina is then formed over the fugitive lamina, embedding the fibers to form a 
fixing lamina through which protrude the open ends of the air-tubes 103. The fugitive lamina is then melted and with- 
drawn through the nipple 1 06. In operation, permeate collects in the permeate pan and is withdrawn through nipple 1 06. 
[0090] Fig 6 illustrates a cross-section of an integral single skein 1 10 with another integral finished header 101 having 
a thickness L1-L2. but without a cushioning lamina, formed in a procedure similar to that described hereinabove. A 
permeate pan 120 with outwardly flared sides 120* and transversely spaced-apart through-apertures therein, is pre- 
fabricated between side walls ill and 112 so the pan is spaced above the bottom of the reservoir. 
(0091 ) A pair of air-manifoWs 107 such as shown in Figs 7A or 7B. is positioned and held in mirror-image relationship 
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with each other adjacent the permeate pan 120. with the vertical air-tubes 103 protruding through the apertures in 
sides 1 20\ and the ends 1 04 and 1 05 protrude from through-passages in the vertical walls on either side of the permeate 
pan. Permeate withdrawal nipple 106 (Fig 6) is first temporarily plugged. The stack of strips 15 is positioned between 
air-lubes 103. vertically in the pan 120 which is filled to level LI to form a fugitive lamina, the level being just beneath 
the lower edges of the strips 15 which will not be removed. When solidified, the fugitive lamina embeds the terminal 
portrons of the f.bers 12 and also fills permeate tube 106. Then the second liquid is poured over the upper surface of 
the fugitive lamina until the liquid covers the strips 15 but leaves the upper ends of the air-tubes 103 open The second 
liquid IS then cured to form the fixing lamina of the composite header which is then heated to remove the fugitive 
material through the permeate nozzle 106 after it is unplugged. 

(0092] Fig 7A schematically shows in perspective view, an air-manifold 107 having vertical air-tubes 103 rising from 
a transverse header-tube which has longitudinally projecting feeder air-tubes 104 and 105. The bore of the air-tubes 
which may be either "fine bubble diffusers". or "coarse bubble diffusers". or "aerators", is chosen to provide bubbles 
o the desired diameter under operating conditions, the bore typically being In the range from 0. 1 mm to 5 mm Bubbles 
of smaller diameter are preferably provided with a perforated transverse tube 103' of an air-manifold 1 07' having feeder 
air-tubes 104' and 105'. illustrated in Fig 7B. In each case, the bubbles function as a mechanical brush 
[0093] The skein fibers for the upper header of the skein are potted in a manner analogous to that described above 
tn a similar permeate pan to form a finished header, except that no air manifolds are inserted. 
[0094] Refen-ing to Fig 8 there is schematically illustrated, in a aoss-sectional perspective view, an embodiment in 
which a bank of two skeins is potted in a single integral finished header enclosure, referred to generally by reference 
numeral 120b. The term "header enclosure- is used because its side walls 121 and 122, and end walls (not shown) 
enclose a plenum in which air is introduced. I nstead of a permeate pan. permeate is collected from a permeate manifold 
which serves both skeins. Another similar upper enclosure 120u (not shown), except that it is a fiat-bottomed channel- 
shaped pan (inverted for use as the upper header) with no air-tubes molded in it. has the opposed terminal portions 
of all the skein fibers potted in the pan. For operation, both the lower and upper enclosures 120b and 120u with their 
skein fibers are lowered into a reservoir of the substrate to be filtered. The side walls 121 and 122 need not rest on 
the bottom of the reservoir, but may be mounted on a side wall of the reservoir. 

[0095] The side walls 121 and 122 and end walls are part of an integrally mokJed assembly having a platform 123 
connecting the walls, and there are aligned multiple risers 1 24 molded into the platform. The risers resemble an inverted 
test-tube, the diameter of which need only be large enough to have an air-tube 127 inserted through the top 1 25 of the 
inverted test-tube. As illustrated, it is preferred to have "n + 1" rows of air-tubes for "n" stacks of arrays to be potted 
Crenelated platform 123 includes risers 124 between which lie channels 128 and 129, Channels 128 and 129 are each 
wide enough to accept a stack of arrays of fibers 12. and the risers are wide enough to have air-tubes 127 of sufficient 
length inserted therethrough so that the upper open ends 133 of the air-tubes protrude from the upper surface of the 
fixing material 101 . The lower ends 134 of the air-tubes are sectioned at an angle to minimize plugging, and positioned 
above the surface S of the substrate. The channel 129 is formed so as to provide a pemieate withdrawal tube 126 
integrally formed with the platform 123. Side wall 122 is provided with an air-nipple 130 through which air is introduced 
into the plenum formed by the walls of the enclosure 120b. and the surface S of substrate under the platform 123 
Each stack IS potted as described in relation to Fig 6 above, most preferably by forming a composite header of fugitive 
PEG wax and epoxy resin around the stacks of arrays positioned between the rows of risers 124. making sure the 

ube 126. When air is introduced into the enclosure the air will be distributed through the air-tubes between and around 
the skeins. 

(0096] Referring to Fig 9 there is shown a schematic iUustration pf a sicein having upper and lower headers 4lu and 
41b respectively, and in each, the protruding upper and lower ends 12u" and 12b- are evidence that the face of the 
header was not cut to expose the fibers. The height of the contiguous intermediate portions 12u- and 12b' respectively 
corresponds to the cured depth of the fixing material. 

[0097] It win now be evident that the essential feature of the foregoing 'potting method Is that a fugitive lamina is 
fomied which embeds the openings of the temiinal portions of the fibers before their contiguous intermediate portions 
I2u and I2u" and 12b' and 12b- are fixed respectively inafixinglaminaoftheheader.Analtemativechoiceof materials 
IS the use of a fugitive potting compound which is soluble in a non-aqueous liquid in which the fixing material is not 
soluble. Still another choice Is to use a water-insoluble fugitive material which is also insoluble in non-aqueous liquids 
lypically used as solvents, but which fugitive material has a lower metting point than the final potting material which 
may or may not be water-soluble. 

[0098] The fugitive material is inert relative to both, the material of the fibers as well as the final potting material to 
be cast, and the fugitive material and fixing material are mutually insoluble. Preferably the fugitive material fomis a 
substantially smooth-surfaced soHd. but it is critical that the fugitive material be at least partially cured sufficiently to 
maintain the shape of the header, and remain a solid above a temperature at which the fixing material is introduced 
into the header mold. The fugitive lamina is essentially inert and insoluble in the final potting material, so that the fugitive 
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lamina is renxjvabty adhered to the fixing lamina. 

[0099] The demolded header is either heated or solvent extracted to remove the fugitive lamina. Typically the fixing 
material is cured to a firm solid mass at a first curing temperature no higher than the melting point or Tg of the fugitive 
lamina, and preferably at a temperature lower than at)out 60°C; the firm solid is then post-cured at a temperature high 
enough to melt the fugitive material but not high enough to adversely affect the curing of the fixing material or the 
properties of the fibers. The fugitive material is removed as described hereinafter, the method of removal depending 
upon the fugitive material and the curing temperature of the final potfing material used. 

[0100] Refen-ing further to Fig 2. the header 11 has front and rear walls defined by vertical (z-axis) edges 11' and 
longitudinal (x-aris) edges 1 3*; side walls defined by edges 11* and transverse (y-axis) edges 13": and a base 13 defined 
by edges 13* and 13". 

{0101] The collection pan 20 is sized to snugly accommodate the base 13 above a permeate collection zone within 
the pan. This is conveniently done by forming a rectangular pan having a base 23 of substantially the same length and 
width dimensions as the base 13. The periphery of the pan 20 is provided with a peripheral step as shown in Fig 2A 
in which the wall 20' of the pan terminates in a step section 22. having a substantially horizontal shoulder 22" and a 
vertical retaining wall 22'. 

[01 02] Fig 2B is a bottom plan view of the lower face of header 1 3 showing the open ends of the fibers 1 2' prevented 
from touching each other by potting resin. The geometrical distribution of fibers provides a regular peripheral boundary 

14 (shown in dotted outline) which bounds the peripheries of the open ends of the outermost fibers. 

[0103] Penneate flows from the open ends of the fibers onto the base 23 of the pan 20. and flows out of the collection 
zone through a permeate withdrawal conduit 30 which may be placed in the bottom of the pan in open flow communi- 
cation with the inner portion of the pan. When the skein is backwashed. backwashing fluid flows through the fibers and 
into the substrate. If desired, the withdrawal conduit may be positwned in the side of the pan as illustrated by conduit 
30 . Whether operating under gravity alone, or with a pump to provide additional suction, it will be apparent that a fluid- 
tight seal IS necessary between the periphery of the header 11 and the peripheral step 22 of the pan 20 Such a seal 

15 obtained by using any conventional means such as a suitable sealing gasket or sealing compound, typically a poly- 
urethane or silicone resin, between the lower periphery of the header 1 1 and the step 22. As illustrated in Fig 2. permeate 
drains downward, but it could also be withdrawn ft-om upper permeate port 45u in the upper permeate pan 43u (see 
Fig 9). 

[01 04] Refen-ing to Figs 9 and 2A. six rows of fibers 1 2 are shown on either side of a gas distribution line 52 which 
traverses the length of the rows along the base of the fibers. The potted terminal end portions 12b- open into permeate 
pan 43b. Because portions 12u* and 12b' of individual fibers 12 are potted, and the fibers 12 are preferably from 1% 
to 2% longer than the fixed distance between upper and lower headers 41u and 41b, the fibers between opposed 
headers are generally parallel to one another, but are particularty parallel near each header Also held parallel are the 
terminal end portions 12u- and 12b- of the fibers whfch protrude from the headers with their open ends exposed The 
fibers protmde below the lower face of the bottom header 41b. and above the upper face of the upper header 41 u 
The choice of fiber spacing in the header will detennine packing density of the fibers near the headers, but fiber spacing 
is not a substantial consideration because spadng does not substantially affect flux during operation 
[0105] Since the length of fibers tends to change while in service, the extent of the change depending upon the 
particular composition of the fibers, and the spacing between the upper and lower headers is critical, it is desirable to 
mount the headers so that one is adjustable in the vertical direction relative to the ottier, as indicated by the arrow V 
This is conveniently done by attaching the pan 43u to a plate 19 having vertically spaced apart through-passages 34 
n^n'if "^^f ^ ^^'^^"^^ ^^""^ ^ ^"^ ^ 36. Threaded stud 35 is in a fixed mou nting block 37 

[0106] The density of fibers in a header is preferably chosen to provide the maximum membrane surface area per 
unit volume of substrate without adversely affecting the circulation of substrate through the skein. A gas-distribution 
means 52 such as a perforated air-tube, provides air within the skein so that bubbles of gas (air) rise upwards while 
clinging to the outer surfaces of the fibers, thus efficiently scrubbing them.Jf desired, additional air-tubes 52' may be 
placed on either side of the skein near the lower header 41b. as illustrated in phantom outline, to provide additional 
air-scrubbing power. Whether the penneate is withdrawn from the upper header through port 45u or the lower header 
through port 45b. or both, depends upon the particular application, but in all instances, the fibers have a substantially 
vertical orientation. ' 

(0 1 07] The vertical skein is deployed in a substrate to present a generally vertical profile, but has no structural shape 
such shape as it does have changes continuously, the degree of change depending upon the flexibility of the fibers, 
their lengths, the overall dimensions of the skein, and the degree of movement imparted to the fibers by the substrate 
and also by the oxygen-containing gas from the gas-distribution means. 

[0108] Referring to Fig 10 there is illustrated a typical assembly referred to as a "wall-mounted bank" which includes 
at least two side-by-side skeins, indicated generally by reference numerals 40 and 40' with their fibers 42 and 42- 
fibers 42 are potted in upper and lower headers 4 lu and 41b respectively: and fibers 42' in headers 41u' and 41b'- 
headers 41u and 41b are fitted with permeate collecting means 46u and 46b respectively: headers 41u' and 41b- are 
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fitted with permeate collecting means 46u* and 45b- respectively; and. the skeins share a common gas-distribution 
means 50. A -bank" of skeins is typically used to retrofit a large, deep tank from which permeate is to be withdrawn 
iising a vacuum pump. In a large reservoir, several banks of skeins may be used in side-by-side relationship within a 
lank. Each skein includes multiple rows (only one row is shown) of fibers 42 and 42" in upper headers 4 lu and 4 1 u* 
and lower headers 4 1 b and 4 lb* respectively, and arms 51 and 51' of gas-distribution means 50 are disposed between 
the lower headers 41b and 41b'. near their bases. The upper headers 41u and 4lu' are mounted by one of their ends 
to a vertical interior surface of the wall W of a tank, with mounting brackets 53 and 53' and suitable fastening means 
such as bolts 54. The wall W thus functions as a spacer means which fixes the distance between the upper and lower 
headers. Each upper header is provided with a permeate collection pan 43u and 43u\ respectively connected to 
permeate withdrawal conduits 45u and 45u' and manifolded to permeate manifold 46u through which permeate being 
filtered into the collection pans is continuously withdrawn. Each header is sealingly bonded around its periphery to the 
periphery of each collection pan. 

(01 09) The skein fibers {only one array of which is shown for clarity) shown in this perspective view have an elongated 
rectangular parallelpiped shape the sides of which are irregularly shaped when immersed in a substrate because of 
the random side-to-side displacement of fibers as they sway. An elongated rectangular parallelpiped shape is preferred 
since It permits a dense packing of fibers, yet results in excellent scabbing of the surfaces of the fibers with bubbles 
With this shape, a skein may be formed with from 10 to 50 arrays of fibers across the longitudinal width W of the 
headers 4 1 u. 4 1 b. and 4 1 u\ 4 1 b' with each array having fibers extending along the tra ns verse length ' 1 " of each header 
Air-tubes on either side of a skein effectively cleanse the fibers If there are less than about 30 arrays between the air^ 
tubes. A skein having more than 30 arrays is preferably also centrally aerated as illustrated by the air-tube 52 in Fig 9 
[0110] Thus, if there are about 100 fibers closely spaced-apart along the transverse length 'V of an array, and there 
are 25 arrays in a skein in a header of longitudinal width V. then the opposed terminal end portions of 2500 fibers are 
potted in headers 41u and 41b. The open ends of all fibers in headers 41b and 41b' point downwards into collection 
zones in collection pans 43b and 43b' respectively, and those of all fibers in headers 41 u and 41 u* point upwards into 
collection zones in collection pans 43u and 43u' respectively. Withdrawal conduits 45u and 45u- are manifolded to 
pemieate manifold 46u through which pemrieate collecting in the upper collection pans 43u and 43u' is typically con- 
tinuously withdrawn. If the pemneate flow is high enough, it may also be withdrawn from the collection pans 43b and 
43b' through withdrawal conduits 45b and 45b* which are manifolded to pemieate manifoW 46b. When permeate is 
withdrawn in the same plane as the permeate withdrawal conduits 45u. 45u' and manifold 46u. and the transmembrane 
pressure differential of the fibers is in the range from 35 - 75 kPa (5 - 10 psi). manifold 46u may be connected to the 
suction side of a centrifugal pump which will provide adequate NPSH (net positive suction head). 
[01 1 1] In general, the pemieate is withdrawn from both the upper and lower headers, until the flux declines to so low 
a level as to require that the fibers be backwashed. The skeins may be backwashed by introdudng a backwashing 
fluid through the upper permeate collection manifold 46u. and removing the fluid through the lower manifold 46b 
Typically, from 3 to 30 skeins may be coupled together for internal fluid communication with one and another through 
the headers, permeate withdrawal means and the fibers; and. for external fluid communication with one another through 
an air manifold. Since the pemieate withdrawal means is also used for backflushing It is generally refen-ed to as a 
liquid arculation means', and as a permeate withdrawal means only when it is used to withdraw permeate 
[01121 When deployed in a substrate containing suspended and dissolved organic and inorganic matter, most fibers 
of organic polymers remain buoyant in a vertical position. The fibers in the skein are fioatingly buoyed in the substrate 
with the ends of the fibers anchored in the headers. This is because (i) the permeate is essentially pure water which 
has a specific gravity less than that of the substrate, and most polymers from which the fibers are formed also have a 
specific gravity less than 1 . and. (ii) the fibers are buoyed by bubbles which contact them. Fibers made from ceramic 
or, glass fibers are heavier than water. 

[0113] Adjacent the skeins, an air-distribution manifold 50 is disposed bek)w the base of the bundle of fibers pref- 
erably below the horizontal plane through the horizontal center-lines of the headers. The manifold 50 is preferably split 
rnto two foraminous arms 51 and 51' adjacent the bases of headers 41b and 41b' respectively, so that when air is 
discharged through holes in each portion 51 and 51*. columns of bubbles rise adjacent the ends of the fibers and 
thereafter flow along the fibers through the skeins. If desired, additional portions (not shown) may be used adjacent 
the bases of the lower headers but located on the outside of each, so as to provkJe additional columns of air along the 
outer surfaces of the fibers. 

[0114] The type of gas (air) manifoW is not narrowly critical provided it delivers bubbles in a preferred size range 
from about 1 mm to 25 mm, measured within a distance of from 1 cm to 50 cm from the through-passages generating 
them. If desired, each portion 51 and 51' may be embedded in the upper surface of each header, and the fibers potted 
around them, making sure the air-passages in the portions 5 1 and 5 V are not plugged with poning compound. If desired 
additional arms of air-tubes may be disposed on each side of each lower header, so that fibers from each header are 
scrubbed by columns of air rising from either transverse side. 

[01 1 5J The air may be provided continuously or intermHtently. better results generally being obtained with continuous 
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air (low. The amount of air provideddependsupon the typeofsubstratejhe requirements^^ 

If any, and the susceptibility of the surfaces of the nt)ers to 1)6 plugged croorganisms. 
vl!!J ."^T"?.'* schematically illustrated another" embodiment of an assembly, referred to as a 

stand-alone bank" of ske.ns. two of which are referenced by numeral 60. The bank is referred to as beingi 'sta^ 

SL. ^''^ "^T^" '"•^""^ "^"^"y "^^^"^ mounting the ske^ 

^.n^l^K K I " ^""""^ •""'='"9 "ank in spaced-apan relatk,nship from a wall. In oth^ 

respects, the bank 60 is analogous to the wall-mounted bank illustrated in Fig 10 

L° Vhn ''3"'<^60 with fibers 62 (only a single row of the multiple, regularly spaced apart generally vertical arrays 

s Shown for the sake of clanty) is deployed between upper and lower headers 61u and" lb in a subsSr-S' 

through wh,ch a,r .s introduced into a tubular air manifold identified generally by reference numeral 70 The manifold 
7O.ncudes(0thev^^^^^ 

ll^lT, T^.^'V''^'^^ andoptionall 
ano her longitudinal am, 73- (not shown) in mirror-image relationship with am, 73 on the far side of the heaS a^d 

The rr.>», ? K -f, -"^y communicate with tubular arm 73' if it fs SeJ 

header and the first lower header, and because the remaining headers in the bank are also similarly (no t sSn 
interconnected by rigid conduits, the headers are maintained in vertically and transversely spaced-apart rettioS 
Of ^is S"ed ^ ""^ ^nication with the air supply. H is evidenMha, unK dSlon 

pans 63u and 63u respectively, andeach pan has withdrawal conduits 65u and SSu" which are manifolded to lonaitudinal 
quid condu«s81and81^Analogously.heade«61band61b•are each secured influid-tig 
mT„«„I!]^ T".*^"' '"^ '«^P«^~«'y- each pan has withdrawal conduits 65b and 65!^ ch 

i!^.h° ?" ! ""^""^ ^ ^"^''^--a' are shown f<xt,m fhe 

sTo^^.hZIT'"- """.T '"^"y P«""«ate is wrthdrawn from on'y 

w^K^n K 5"°'"*'^ °" "PP«' 'waders. A tower manifold is provided ton^. 

ZTZ^^'T^ *^ "PP*' "^""S" and into tli tower mat 

of backwashmg nuKJ but support for the interconnected headens. It will be evident ttet. absent the aft irro^nS 

Zn^r^^l 'r'"' ^ to spaced from «s l««r header by sc^XS 

connection to header 61u' or by a spacer stmt between headers 61u and 61b 

10119] In the best mode illustrated, each upper header is provided with rigid PVC tubular nipples adapted to be 

"^^"> ^"^^^ are provided tolrovide BMmZZZ 

depending upon the number of headers to be interconnected. Pem^ate is withdrawn through an uppt SSuTiS 

101 20] The length of fibers (between headers) in a skein is generally chosen to obtain eHicient use of an economirai 
«t,fnk'^n.ral^ 

10121) Figs 14 - 17 specifically illustrate preferred embodiments of the cylindrical vertical skein Referrina to Fio 14 
F Of a '^nrrr" '"^^'^^ «te>^'"nal view a vem^l cylindrical skein 210 /esCon L nol. 

F of a tank, the skem compnsing a pair of similar upper and lower cylindrical endnaps 221 and 222 respect^erwh^h 

tub'^ 237aT23^ '""^ '"^ """^^ -^-P' have pe7me'ate w2r:S^ 

L r^h^ • engagement thefreiri. Pemieate withdrawn through the tutes 

IS combined ,n a permeate withdrawal manifold 230. Each end-cap has a finished upper/tower header foTed direSv 
n It, upper header 223 being substantially identical ,0 tower header 224. Each header is fon^ed^y SSeS 

inapottingresinsuchasapolyurethaneor an epoxy of sufficient stiffnesstohold and sealthefibersunSS 
of use. A commercially available end-cap for poly(v.nyl chtoride) ■PV<r pipe is most preferr^or C surf^l^^a 
skeins. larger headers are provided by commercially available glass fiber reinforced end-caps f^ScaltenksM 
he ut^:^^ ^ !^ *P^^ -P^« ^ cureSTeTl Ts ^ rrenStha 

conditions of the skein Visual confim«ation of a seal is afforded by the peripheries of the fibers being sealed at the 

and 224b 'especUvely of the tower header 224. A convenltonal finished header may be used in which the er^^s 212- of 
the fibers wouto be flush(insubs.antiany the same ptene)as the tower face 224b. in the best mode!.^^^^^^^ 
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through an opaque end-cap. the open ends 2 12" of the fibers protrude from the headers' lower (aft or bottom) face 224 b. 
[0122] The finished upper header 223 (fixing lamina) is left adhered to the periphery of the end-cap 221 when the 
fugitive lamina is removed through bore 226 in the upper header: and analogously, the finished lower header 224 is 
left adhered to the periphery of the end-cap 222 when the fugitive lamina is removed through a bore 227. 

s [0123] Skein fibers 212 are preferably in arrays bundled in a geometric configuration such as a spiral roll. A header 
is formed in a manner analogous to that described in relation to Fig 4, by potting the lower end of the spiral roll. Fig 
14A, showing a bottom plan view of the aft face 224b of header 224, illustrates the spiral pattern of openings in the 
ends 212" of the fibers. It is preferred, before an array is rolled into a spiral, to place a sparger 240 (shown in Fig ISA) 
with a rigid air-supply tube 242 in the array so that upon forming a spiral roll the air-supply tube is centrally axially held 

10 within the roll. 

[0124] Illustrated in Fig 14B is a bottom plan view of aft face 224b with another configuration, wherein a series of 
successively larger diameter circular arrays are formed, each a small predetermined amount larger than the preceding 
one, and the arrays secured, preferably adhesively, one to the next, near their upper and lower peripheries respectively 
to form a dense cylindrical mass of fibers. In such a mass of fibers, refen-ed to as a series of annular rings, each array 

»5 is secured t)Oth to a contiguous array having a next smaller diameter, as well as to a contiguous array having a next 
larger diameter, except for the innermost and outermost arrays which have the smallest and largest diameters, respec- 
tively. The pattern in header 224 illustrates the ends 212" of the fibers after the nested arrays are potted. 
[0125] illustrated in Fig 14C is a bottom plan view of lower (aft) face 224b with plural arrays arranged chord-like 
within the header 224. Arrays are fomied on pairs of strips, each having a length corresponding to its position as a 

20 chord within a potting ring in which the skein fibers are to be potted^ That is, each an-ay is formed on strips of diminishing 
width, measured from the central array which is formed on a strip having a width slightly less than the inner diameter 
of the potting ring in which the stack is to be potted. The arrays are stacked within the ring, the widest array corre- 
sponding in position to the diameter of the ring. For a chosen fiber 212, the larger the surface area required in a skein, 
the greater the number of fibers in each array, the bigger the diameter of the ring, and the wider each chord-like array. 

25 The plural arrays are preferably adhered one to the other by coating the surfaces of fibers with adhesive prior to placing 
a strip of the successive array on the fibers. Alternatively, the bundled arrays may be held with a rubber band before 
being inserted in the potting ring. The resulting chord-like pattern in header 224 illustrates the ends 212" of the fibers 
after the nested arrays are potted. 

[0126] A detail of a sparger 240 is provided in Fig 15A. The star-shaped sparger 240 having radially outwardly ex- 

30 tending tubular arms 241 and a central supply stub 242, supplies air which is directed into the tubular arms and dis- 
charged into the substrate through air passages in the walls of the arms. An air feed tube 244 connected to the central 
supply stub 242 provides air to the sparger 240. The lower end of the central stub 242 is provided with short projecting 
nipples 245 the inner ends of which are brazed to the stub. The outer ends of the nipples are threaded. The central 
stub and nipples are easy to irwert into the center of the mass of skein fibers. When centrally positioned, arms 241 

35 which are threaded at one end. are threadedly secured to the outer ends of the nipples. 

[0127] As illustrated in Fig 14, lower end-cap 222 rests on the floor F of a tank, near a vertical wall W to which is 
secured a vertical mounting strut 252 with appropriate fastening means such as a nut 253 and bolt 254. A U-shaped 
bracket 251 extends laterally from the base of the mounting strut 252. The arms of the U-shaped bracket support the 
periphery of upper end-cap 221. and to ensure that the end-cap stays in position, it is secured to the U-shaped bracket 

40 with a right angle bracket and fastening means (not shown). A slot in mounting strut 252 permits the U-shaped bracket 
to be raised or lowered so that the desired distance between the opposed faces 223b and 224u of the upper and lower 
headers respectively Is less than the length of any potted fiber, measured between those faces, by a desired amount. 
Adjustability is particularly desirable if the length of the fit>ers tends to change during service. 
[0128] As illustrated in Fig 14, if it is desirable to withdraw permeate from only the upper tut>e 231, a permeate 

45 connector tube 233 (shown in phantom outline), is inserted within the mass of skein fibers 212 through the headers 
223 and 224, connecting the permeate collectk}n zone 229 in the lower end-cap in open fluid communication with the 
permeate collection zone 228 in the upper end-cap; and, bore 227 is plugged with a plug 225 as shown in Fig 15. 
Since, under such circumstances, it does not matter if the lower ends 212" of the fibers are plugged, and permeate 
collection zone 229 serves no essential functk>n. the zone 229 may be filled with potting resin. 

^ [01 29] Referring to Fig 16 there is illustrated a skein 270 with upper and lower end-caps in which are sealed upper 
and lower ring headers formed in upper and lower rings 220u and 220b respectively, after the fibers in the skein are 
tested to determine if any is defective. A rigid air-supply tube 245 is positioned in the spiral roll as described above, 
and the lower end of the roll is potted forming a lower finished header 274 in which the lower end 246 of the air-supply 
tube is potted, fixing the position of the arms 241 of the sparger just above the upper face 274u of the header 274. 

55 [0130] In an anatogous manner, an upper header 273 is formed in ring 220u and upper end 247 of air-supply tube 
245 is inserted through an axial bore 248 within upper end-cap 271 which is slipped over the ring 220u the outer 
periphery of which is coated with a suitable adhesive, to seal the ring 220u in the end-cap 271. The periphery of the 
upper end 247 is sealed in the end cap 271 with any conventional sealing compound. 
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(0131] Referring to Fig 17 there is schematically illustrated arrother embodiment nf a u 
Ju.e 285isr,e..concen,Hca,.ywiminarigi.a^^^^^^^ 

between opposed upper and lower headers 283 and 284 in uooer and lower rinnc -yJ x 

sealed in end-caps 281 and 282 respeCively. For ease of ZS^ ^Ze eS "^Sb of e^^^^^^^^ '"f" 

snugly fitted and sealed in a bushing 287 The bushino 287 anrt »Kh ^n'ljh .k Permeate tube 285 is 

onhr:uttTr,r:t::;ro:^^^^^^ 

baffle o, 1 ' " '^^r™ ^"^^^ * « <lenned between the outer Jcula 

s^v^Z M. ^Irl^lw ^ ^ •'^"^^ ^^''ially extending, generally planar vertical 

would le^se bellnU^^^^ ^ "'^-^ « '-9er period of tin,e than 

[ol?d L jri"^ " 9™""** '"^^e be insufficient liquid head to induce a desirable 
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(ii) air operated diaphragm pumps e g wSie,^M2 ^^^^ 

hosepumps. e.g. Waukesha® SP 25 ' ' ' progress.ng cavity pumps, e.g. Ramoy® 3561: and (iv) 

Example 1 

> 1 9 r /o ^3/^ X youiiui ic f .uers tn a piioi plant tank. The fibers are "a r scrubbed" at a ftow wto e^f 

of the biomass. The S hale^^^^^^ 

range from at^ut 20% to 40% with por^aboJ^o'^l^n^^T^^ ^ "'^ ^'^ ^ ""'^""^ 

area of 12 m^ is wall-moun.ed in tt^"e^^^Z'J^ "7 TT ^ ^"''^^^ 

the length of a fiber in the skein orovid^no stack^i ^ apart distance of the headers being about 1 % less than 

headers respectively. ^l^ aZtT^r^t^^tc^^^^^ """^"^ """^^ 

a hardness of about 70 Shore D wNh addS?lo . """^ °' ''"^^^^^ « ^" ^PO-'V having 

30 Shore D respeSively)love ^ be^ h eZ a^lTand Th^rt "^'^""''^"^ ^° ^^"^ ^"^ 

their open ends protrude from the bot^^oi^^ZlT-^ '^'^ ^'^ ^""^ '° ^ ''^P"' '° •'a>'e 

Example 2 

Comparison of Operatior, of a Vertical Skein (ZW 72) in Different Orientations 

aerators. Rectangular but not square heade^arr^Ln . h J ^""^ '^'^'^ "^"9" 

nvofla.hori.on.aLen.ationsl'SdTrre'r:^^^^ 

Identical rectangular skeins, each having headers 41 66 «n7^1 i^i!?^!. cylindrical headers. A pair of 

and 7.62 cm (3 in) in height z-axis) ?Zic^ aJ^nL iS^ 
fibersurfaceareaof6.25n^vi2tS2ta^d^IT 

The fibers used are t^^^i^^^^fT'^ T'^'Z"^ ' wastewaters. 

.^r^fti:r^s«r^^^^^^ 

aerators is therefore referred to as t[.e W skein^ ' ^ ""^ ^^^^^^^ '"^^ 

S con7gur; on:t:irm7om^^^ rtl^rrrt^ntrr ^ -is and 

spaced apart'fromThe aer^tofs asX p^,^^^^ SO^onentat^n (area defined by 10.16 cm X 7.62 cm) Is 

thlMl' SaTaSr '''"^ ^^^^ «ions as shown in 9 

The test conditions for each of the above three runs were as follows: equuionum value. 



TSS in bioreactor 8 g/L; 

Flow rate of air 0.2124 m3/min/skein- 



Temperature of biomass 
Suction on fibers 25.4 cm of Hg 



10143, Fig 18 is a bar graph which shows the average flux over a 24 hr period for each orien.at«n of the skein ; 
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Orientation 


Average Hux L/m^/hr over 24 hr 


Horizontal flat 
Horizontal 90** 
Vertical 


21.2 LMH 
17.8 LMH 
27,7 LMH 



This conclusively demonstrates that the vertical orientation of the skein fibers produces the highest overall flux. 
Example 3 



Comparison of Positions of Aerator Inside and Outside the Skein Fibers: 

(0144J In tliis test the difference in flux is measured in a bioreactor treating wastewater contaminated with ethylene 
g ya.1. the difference depending upon how a single cylindrical vertical skein (ZW 172) having a nominal surface area 
of 16 B aerated with 35 Umin (75 scfm). The skein is fomied as shown in Fig 16 around a central PVC pipe having 
an o d. of 7.5 cm. the fibers being disposed in an annular zone around the central support, the radial width of the 
annular zone being about 7.5 cm. so that the o.d. of the skein is about 11.25 cm 

[0145) In a first test, air Is introduced within the skein: in a second test, air is introduced around the periphery of the 
skein. After equilibrium is reached, operation is typically continued by back pulsing the skein with permeate at chosen 
intervals of time, the interval depending upon how quickly the fibers foul sufficiently to decrease the flux substantially 
10146J The process conditions, which were hew constant over the period of the test, were as foltows- 



TSS irgfl.; 

Fkwv rate of air 0.2124 m^/min; 



Temperature of biomass 10.5° C 
SucUcn on fibers 25.4 cm of Hg 



For external aeration: A perforated flexible tube with holes about 3 mm In diameter spaced about 2 5 cm apart was 
wrapped around the base of theZW 72 skein and onettfedso that air is discharged inahorizontalpla 
enter laterally into the skein, between fibers. Thereafter the bubbles rise vertically through the skein fibers. Lateral 
discharge helps keep the holes from plugging prematurely, 

For internal aeration: The central tubular support was used as the central air distribution manifold to duct air into five 

4 ler^ths of 1/4 pipe with 1/8" holes at 1- intervals, plugged at one end. in open flow communication with the central 
pipe, forming a spoke^ike sparger within the skein, at the base. The number of holes is about the same as the number 
Ikl «nH rJ ^ °f « A3 before the holes discharge the air laterally within the 
skeiir and the air bubbles nse vertically within the skein, and exit the skein below the upper header. 

[01 47] Fig 19 IS a plot of flux as a function of time, until the flux reaches an equiGbriuni vaUie. Thereafter the flux may 

5 sTmu I T """'"^ ^* " '''^ ^ equilibrium flux with external aeratnn is aboJl 

fati^^ r .!k w .!! ^ « '^^y « '""^-'"W i-nprovement. From the 

foregoing it will be evident that, since it is wefl-known that flux is a function of the flow rate of air. all other conditions 
being the same dunng normal operatton. a higher flux is obtained with internal aeration with the same flow of air. 

Example 4 



Comparison of skeins in which one has swayable fibers, the other does not: 

nrl«i. / Jk ^ "^'"'."^^f 'V*"^ '''^'^ " ^'^"'^^^ *^ decreasing the distance between headers. Essentially no slack is 
present (fibers are taut) when the headers are spaced at a distance whkai is the same as the length of a fiber between 
Its opposed potted ends. A single 2W 72 skein is used having a nominal surface area of 6.7 m* is used in each test 

^ ^^'"^ Sly""- Aerationis provided as shown in Fig 9 (no internal 
f„ . \ discharge of air bubbles into the skein fibers through which bubbles rose to the top 

n « '"^ '^'^^"y "^'^ «> "be^s are taut and could not sway. 

tJe stock fitIJ«to*'^r*' '•rought doser by 2cm causing a2.5%slackness in each fiber, permining 

I0151J As before the process conditions, which were held constant over the period of the test, were as foltows: 
fsuspended solids 1 7 gfl. | Temperature of biomass 1 0.5' C | 
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45 



50 



55 



(continued) 

I HOW rate of air 0.2124 mi /min; | Suction on fibers 25.4 cm of Ho i 

J • — • > 

!.rSn.Iini°K* I ""^^ ^ °' '^^^^ ^" equilibrium value. Thereafter the (lux mav 

Example 5 

Filtration of water with a vertical cylindrical skein to obtain clarity: 

Irif Of iS^'Tr'^T'",'^ constructed as in Fig 16 with 2enon®MF200 Hbers 180 cm long, which provide a surface 

after equdibnum .s reached, the sk«n is backflushed for 30 sec wHh permeate eveiy 30 min ^'^ " 

A, Filtration of Surface (Pond) Water having 10 mgA. TSS: 

Lt?a "5 S'rirr'",' T!::^ ^ ^' « ««« «" ^OOO Wers/hr (LPH) with a turbidity of 0 1 

a Filtration of Raw Sewage with 100 mg/L TSS: 

a RItratton of a rnineral suspension containing 1000 mg/L TSS of iron oxide particles: 

0, Filtration of fermentation broth with 10.000 mgfl. bacterial cells: 

- pem,el''as L'^s tll^t;;'^st reZ non-destructh.^ to yie« the desired 
Example 6 

Special Purpose Mini-Skein: 
indlmickSsr^^ 

ano a thickness of 2 cm (0.75 ) with 30 fibers, each 60 cm tong to provide a surface area of o i m2 tkL l. 

[0160J The results wilh each application (A) - (D) are listed below: 

(i) Raw sewage contains 100 mg/L TSS; pem,eate containing 0.0 mg/L TSS having a turbidity of 0.2 NTU, is 
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withdrawn at 0.1 LPH. 

(il) Aquarium water withdrawn contains 20 mgn. TSS. including algae, bacteria, fungus and fecal dendrltus- per 
meate containing 0.0 mg/L TSS having a turbidity of 0.2 NTU. is withdrawn at 0. 1 LPH ' 
(iii) Pond water withdrawn contains 10 rng/l TSS: permeate containing 0.0 mg/L TSS having a turbidity of 0 2 NTU 
is withdrawn at 0.1 LPH. ' 

GLOSSARY 

[01 61 J The following glossary is provided for terms in the approximate order in which they are used in the specification 
to define their meaning in the context in which they are used. 

[01 62] -array- - plural, essentially vertical fibers of substantially equal lengths, the one ends of each of which fibers 
are closely spaced-apart. either linearly in the transverse (y-axis herein) direction to provide at least one row and 
typically plural rows of equidistantly spaced apart fibers. Less preferably, a multiplicity of fibers may be spaced in a 
random pattern. The opposed ends of fibers are sealed in opposed headers so that substrate does not contaminate 
permeate in permeate collection means in which the headers are peripherally sealed 

I0163J -bundle" - plural elements held together, e.g. plural arrays which may be a stack of planar arrays or arcuate 
or circular arrays, or a rolled spiral. ^ o-^udie 

[0164] -bank- - used for brevity, to refer to a bank of skeins: in the bank, a row (or other configuration) of lower 
headers IS directly beneath a row of upper headers. 

fn]f2 ■ ^ skein in which the penneate collection means has a cylindrical configuration 

101B6J dead end tank- - a tank or bioreactor from which no liquid other than the permeate Is removed 
[0167] "fibers" - used for brevity to refer to hollow fiber membranes. 

[01 68] -flux- - unit now (liters/hr). through a membrane of unit surface area (meterZ). flux is given as Lm2h or LMH 

[01 69J -fugitive material- - material which is either (i) soluble in a medium in which the fibers and fixing material are 

not soluble, or (n) fluidizable by virtue of having a melting point (if the material is crystalline) below that which miaht 

damage the fibers or fixing material; or. the material has a glass transition temperature Tg (if the material is non- 

crystalline), below that which might damage the fibers or material(s)fofming the non-^^^ 
and nuidizabie« 

10170] "header- - a solid body in which one of the terminal end portions of each one of a multiplicify of fibers in the 
stem. IS sealingly secured to preclude substrate from wntaminafing the permeate in the lumens of the fibers The 
r^-J'.'f ®I.^*"^«'y fo"ned from a natural or synthetic resinous material (themwplastic or thermosetting) 

[01 71 J integral header - combination of header and penneate collection means, in which combination the header 
IS penpherally sealed in fluid-tight relationship with the permeate collection means 

(01 72J -integral single stein- - a skein in an integral finished header is formed in the pem»ate pan w 

the header therein. " 

[01 73] -mini-skein- - a self-contained gas-scrubbed assembly of a stein having a surface area less than about 5 m? 
in combination with an integrally packaged gas blower and permeate pump. 

10174] -multicomponent liquid feed"- fruit juices to be clarified or concentrated; wastewater or water containing par- 
ticulate matter; proteinaceous liqukJ dairy products such as cheese whey, and the like. 

[0175] -non-vacuum pump- - generates a net sucfion side pressure difference, or. net positive suction head (NPSH) 
rf!Sif i'" T «he transmembrane pressure differential generated under the operating conditions; may be a 
centrifugal, rotary, aossflow. flow-through, or other type. . -y u« a 

[0176] -permeability- - flux per unit pressure, LmZhflcPa; sometimes referred to as spedfic flux 

."P*""*^'^ collection means- - receptacle beneath a header in which receptacle permeate collects 
[0178] nng header" - header having a cylindrical shape. 

Zlrlar'^ZST' ' ^ P^^te coltectjpn means has a configuration of a rectan- 

[0180] -skein" - used for brevity to refer to either a cylindrical skein or a vertical skein, or both, having plural arrays 
po«ed in opposed headers, (he fibers having a aitically defined length relative to the vertical distance between headers 

of the skein. The defined length limits the side-to-sidemovementof the fibers in thesubstrate in which they are depto^^ 
except near the headers where there is negligible movement. 
(01 81 J "skein fibers" - fibers which make up the cylindrical skein 

S?^?,.,"^,* 1!"' " ^" combination of structural elements including (!) a multiplicity of vertical fibers 

Of substantially equal leng.h; (ii) a pair of headers in each of which are potted the opposed Iennir«l portons ofl^ 

!,»h ! ?! H ^"'^^ "P^"- ^^"^^^^ "^^"^ *^ peripherally in fluid-tight engagement 

wilh each header so as to collect permeate from the ends of the fibers. a-gemera 
[0183] "substrate" - multicomponent liquid feed. 

[0184] -partkajlale matter" - miaon-sized (from 1 to about 44Mm) and sub-micron sized (from about O.lnm to Ipm) 
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fillrable matter which Includes not only particulate inorganic matter, but also dead and live biologically active microor 
ganisms. colloidal dispersions, solutions of large organic molecules such as fulvic acid and humic acid, and oil emul- 

[0185] -restrictedly swayable" - the extent to which fibers may sway in a zone of confinement, which extent is deter- 
mined by the free length of the fibers relative to the fixedly spaced-apart headers, and the turbulence of the substrate 
10186] stack of arrays- - plural rows of arrays, which are densely packed to forni. after they are potted a skein " 
(01 87] -substantially concentrically- - describes a configuration in which in which individual fibers are either vertical 
and spaced apart along the circumference of a circle drawn about the central vertical axis. or. spirally disposed sue 
cessive layers of the fibers typically being closely spaced-apart in the x-y plane, not only radially outwards from the 
central axis, but also along the spiral In that plane so that they appear to be concentrically distributed at successively 
increasing radial distances from the central axis. 

(01881 -transmembrane pressure differentiar - pressure difference across a membrane wall, resulting from the oroc- 
ess conditions under which the membrane is operating. 

(01 89] -unsupported- - not supported except for spacer means to space the headers. 
[0190] -vacuum pump" - capable of generating a suction of at least 75 cm of Hg. 

(0191] "zone of confinement" (or "bubble zone") - a zone through which bubbles rise along the outer surfaces of the 
fibers. The bubble zone, in turn, is determined by one or more columns of vertically rising gas bubbles generated near 
the base of a skein. 



Claims 

1. A method of potting a plurality of holtow fibre membranes into a mass of solidified potting liquid comprising the 

Sisps OT, 

(a) providing a plurality of hollow fibre membranes, the membranes having terminal portions adjacent open 
ends; 

(b) enclosing the open ends and terminal portions of the hollow fibre membranes in a first material held in a 
container 

(c) flowing a potting liquid in the container over the first material, which potting liquid sun-ounds each hollow 
membrane and then becomes a solid mass which provides a fluid-tight seal to the outside of the hollow fibre 
membranes, the first material preventing the potting liquid or solid mass from closing said ends of the mem- 
branes; and. 

(d) removing the first material from said ends and terminal portions of the holtow fibre membranes. 

2. The process of claim 1 wherein the container is at least part of a permeate collectton means. 

3. The process of claim 1 wherein the container Is a permeate pan or header enclosure. 

4. The process of any preceding claim wherein the potting liquid sealingly attaches to the container as it solidifies. 

5. A method of potting a plurality of hollow fibre membranes into a mass of solidified potting liquid fixed to a permeate 
pan or other header enclosure of a filtration module comprising the steps of. 

^aj^providing a plurality of hollow fibre membranes, the membranes having temiinal portions adjacent open 

(b) enclosing the open ends and terminal portions of the hollow* fiSe membranes In a first material held in the 
permeate pan or other header enclosure: 

(c) flowing a potting Ikjuid into the permeate pan or other header enclosure over the first material which potting 
liquid surrounds each hollow membrane and then solidifies becoming a solid mass which provides a fluid-tight 
seal to the outside of the holtow fibre membranes and which attaches and seals to the permeate pan or other 
header enclosure, the first material preventing the potting liquid or solto mass from closing said ends of the 
membranes; and, 

(d) removing the first material from said ends and terminal portions of the holtow fibre membranes and the 
permeate pan or other header enclosure. 

6. The process of any previous claim wherein the plurality of hollow fibre membranes are glued in a fixed relationship 
relative to each other at a portion of their lengths which will become fixed in the solid mass of potting material prior 
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to step (b) of either claim 1 or claim 5. 

7. The process of any previous claim wherein the membranes are formed into a stack of at least two essentially 
coplanar groups of hollow fibre membranes prior to step (b) of either claim i or claim 5. 

8. The process of claim 7 wherein each group of membranes is separated by a support means having a thickness 
corresponding to a desired lateral spacing between adjacent groups. 

9. A method of potting a plurality of hollow fibre membranes into a mass of solidified potting liquid comprising the 

(a) arraying a plurality of hollow fibre membranes in generally parallel relationship, each membrane havinq a 
terminal portwn near a first openend of the membrane, the temiinal portions of the membranes being generallv 
adjacent each other; ' 

(b) enclosing the first open ends and terminal portions of the hollow fibre membranes in a first material held 
in a container; 

(0 flowing a potting liquid in the container over the first material, which potting liquid surrounds each hollow 
membrane and then becomes a solid mass which provides a fluid-tight seal to the outside of the hollow fibre 
membranes, the first material preventing the potting liquid or solid mass from closing said ends of the menv 

branes; and, 

(d) removing the first material from said ends and temiinal portions of the hollow fibre membranes. 

10. The process of claim 9 wherein the step of arraying the hollow fibre membranes includes a step of gluing them in 

iSteri^ " '^''""^ '** """^^ ^ *^ '^"^"^ ^''^ "^^"^ ""^ solid mass of 

11. The process of claim 10 wherein wherein the step of arraying the hollowfibre membranes includes a stepof forminq 
into a stacl< of at least two essentially coplanar groups of the hollow fibre membranes. 

^~^„n'.f' T " r^Tf f^"^ °' membranes is separated by a support means having a thickness 
corresponding to a desired lateral spacing between adjacent groups. 

13. The process of any preceding claim wherein temUnal portions of the hollow fibre membranes protrude from a face 
of the solidified potting liquid. 

14. The process of any previous claim wherein the first material is removed by dissolving H. 

15. The process of any previous claim wherein the fir^t material is a liquid when the membranes are inserted into the 
first material but is solidified before the potting liquid is placed over it. 

16. The process of any previous claim wherein the first material is removed by fiowing H away from the membranes. 

fUmSrill ilZbll "^""^ solidification remains solid at a temperature at which the 

SLrT' T'""! ^"'""'^ *" " ^ potting liquid upon 

solidification is insoluble in the solvent. » m" " 

20. A method of fomiing a header for a skein of a multiplidty of fibers, comprising 

inn in'rr'"^ !. i"."*"^. ^'^'^ ^' °^ ^'^^ °" « ^"^^^ ^^"""^ = <f"<='<"ess correspond- 

ing to a desired lateral spacing between adjacent fibers: «=:.ponu 

lirtir»r°n'f '"^/'f ' """'^ '^'^ ^'^^"^ °' ^'<' submerged, until said first liquid so- 

l.dif«s into a first shaped lamina. provkJed that said first liquid is unreactive with material of the fibers 

« H ^T,- ^ ^^'^ '^"""^ ^""^ "'^ '° ^ ''^^^^ <'epth. and solidifying 

said second liquid to fom, a fixing lamina upon said first shaped lamina. saM second liquid also being subslantialj 
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unreactive with either the material of said fibers or that of said first shaped lamina: whereby a composite header 
IS formed in which terminal portions of said fibers are potted, said composite header comprising a laminate of a 
fiig.tive lamina of fugitive material and a contiguous finished header of fixing lamina; and thereafter. 

removing said first shaped lamina without removing a portion of said fixing lamina so as to leave open ends 
of said fibers protruding from an aft face of said header, said open ends having a circular aoss-section. 

21. The method of claim 20 wherein said second liquid upon solidification forms a thermosetting or thermoplastic 
synthetic resin, and said first liquid upon solidification forms a solid which has a melting point or glass transition 
temperature lower that the melting point or glass transition temperature of said synthetic resin. 

22. The method of claim 2 1 wherein said first liquid upon solidification is flowable at a temperature at which said second 
liquid upon solidification remains solid. 

23. The method of claim 21 wherein said first liquid upon solidification is soluble in a chosen solvent and said second 
liquid upon solidification is insoluble is said solvent. 

24. A header incorporating potted hollow fibre membranes, the header having. 

(a) a solid mass of a potting material having a first face; and. 

(b) a plurality of hollow fibre membranes sealed in the potting material, 
characterized by. 

(c) parts (a) and (b) being obtainable by the process of any previous claim; and. 

(d) terminal portions of the hollow fibre membranes adjacent open ends of the membranes protruding from 
the first face of the solid mass of potting material. 

25. A header and permeate collection means incorporating potted hollow fibre membranes, the header and permeate 
collection means having. 

(a) a solid mass of a potting material having a first face; 

(b) a hollow body sealed to the potting material to provide a plenum between the first face and the body and 

(c) a plurality of hollow fibre membranes sealed in the potting material so as to be open to the olenum ' 
characterized by. 

(d) parts (a), (b) and (c) being obtainable by the process of any previous claim; and 

(e) terminal portions of the hollow fibre membranes adjacent open ends of the membranes protruding from 
the first face into the plenum. 

26. A header in which a multiplicity of hollow fiber membranes or "fibers" is potted, said header comprising 

a molded body of arbitrary shape having a fixing lamina and a fugitive lamina, said fugitive lamina formed 
from a fugitive potting material and said fixing lamina formed from a fixing material; 

said fibers having terminal portions thereof potted in said fugitive lamina whi^ when liquid, plugs ends of 
said fibers, said ends having an essentially circular cross-section, said fugitive lamina maintaining said ends in 
closely spaced-apart substantially parallel relationship; 

said fugitive lamina having an aft face through which said ends protrude, and a fore face through which said 
fibers extend vertically; 

said fugitive lamina having said fixing lamina adhered therto, said fixing lamina having a thickness sufficient 
to maintain said fibers in substantially the same spaced-apart relationship relative to one and another as the 
spaced-apart relationship in said lower portion. 

27. The header of claim 26 wherein said fixing lamina has a cushioning lamina embedding said fibers and coextensively 
adhered to said fixing lamina, said fixing lamina has a hardness in the range from about Shore D 50 to Rockwell 
H 110. and said cushioning layer has a hardness in the range from Shore A 30 to Shore O 45 
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